The feedback inhibition of glutamine synthetase was investigated -by use of partially purified enzyme preparations from Salmonella typhimuriwn, Micrococcus sodonensis, Pseudomonas fluorescens, Bacillus cereus, Bacillus licheniformis, Clostridium pasteurianum, Rhodospirillum rubrum, Neurospora crassa, Caudda utilis, and Chlorella pyrenoidosa. Inhibition analyses indicated that the enzyme of -each organism can be effectively regulated with mixtures of end products from the diverse pathways of glune metabolism. When tested individually, tryptophan, histidine, alanine, glycine, glutamine, '-adenylate (AMP), cytidine-5'-triphosphate, carbamyl phosphate, and glucosamine-6phosphate gave limited inhibition. In most cases, the inhibitors were independent in their action, and cumulative degrees of inhibition were obtained with mixtures of these end products. In contrast, with the glutamine synthetases of the two Bacillus species, the simultaneous presence of AMP and histidine (or AMP and glutamine) gave inhibition greater than the sum of te amounts of inhibition caused by either inhibitor alone. Also, alanine and carbamyl phosphate acted synergistically to inhibit the enzyme from N. crassa. The remarkable siity in the overall patterns of end-product inhibition observed with the enzymes from different sources indicates that these diverse organisms have evolved comparable mechanisms for the regulation of glutamine metabolism. Nevertheless, the enzymes from different sources do differ significantly in their physical and catalytic properties, as was demonstrated by dissimilarities in their purification behaviors, specificity for nucleotide substrate, ability to catalyze the glutamyl transfer reaction, and ability to utilize Mn+ and Mg++ as activators for the biosynthetic reaction.
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A variety of mechanisms for feedback control of enzymes catalyzing branched biosynthetic pathways have been recognized (for review see 27) . These include (i) the elaboration of isoenzymes which individually are inhibited by different end products and (ii) several mechanisms in which a single form of the enzyme is effectively inhibited only when more than one of the end products are simultaneously present. Our present knowledge does not permit the conclusion that different microorganisms utilize a single mechanism for the control of a particular enzyme. In some cases (5) , closely related species may exhibit marked differences in the patterns of feedback control of an enzyme which presumably occupies the same relative position in their metabolism. Glutamine synthetase represents a complex metabolic branch-point and thus imposes special requirements for an effective means of control. The amide nitrogen of glutamine may be utilized in diverse pathways leading to the formation of purines (2) , cytidine triphosphate (Hulbert and Chakrobarty, Federation Proc. 20:361, 1961), tryptophan (8) , histidine (18) , carbamyl phosphate (23), glucosamine-6-phosphate (12) , pyridine nucleotides (24) , and p-aminobenzoic acid (29) . In addition, the a-amino group of glutamine is a potential source of nitrogen for the transaminative production f several a-amino acids (15) .
From studies with the glutamine synthetase of Escherichia coli (30) , evidence was presented for a unique type of multiple end-product control Moreover, the possible presence of amidohydrolase, which leads to the formation of glutamylhydroxamate from glutamine and hydroxylamine as well as other hydroxamate-forming systems, precludes the use of the transfer assay as a reliable measure of glutamine synthetase activity in crude extracts. Therefore, it was generally necessary to subject crude extracts to some fractionation steps to eliminate interfering activities. Table 2 summarizes the minimal treatment used to separate most of the interfering enzymes from the glutamine synthetases in the various cell-free extracts. The purification behaviors serve also to illustrate certain differences in the glutamine synthetases from the various sources. For example, different levels of acid and ammonium sulfate were required for the precipitation of enzymes from some of the microorganisms. Also, the glutamine synthetases of C. pasteurianum and Neurospora crassa were particularly acid-sensitive; these were almost completely inactivated at pH 5.7. Variation in response to metal activation. The ability to catalyze the biosynthetic reaction with MnCl2 as the metal activator offers a means for comparing the microbial glutamine synthetases. The wide range in activity ratios (Table 2) exhibited by the enzymes from the various microorganisms demonstrates differences in their catalytic properties. The enzymes from all of the sources except M. sodonensis showed higher activities with Mge4 as the activator (B/A ratio > 1). Nevertheless, the assay system containing MnCI2 was used for most of the subsequent analyses, since certain of the glutamine synthetases were unstable in the absence of manganous ion. The enzymes from Bacillus cereus and B. licheniformis were particularly unstable in this regard. This is similar to the reported stabilizing effect of manganous ion on the glutamine synthetases of E. coli and L. arabinosus (25, 30) .
Variations in relative rates of transfer and synthetic reaction. The microbial glutamine synthetases also exhibited marked differences in the relative rates in which the glutamyl transfer and biosynthetic reactions were catalyzed (C/A ratios, Table 2 ). B. licheniformis was of particular interest, since it had previously been reported (13) that its glutamine synthetase does not catalyze the ADP-dependent glutamyl transfer reaction. In the present study, a reproducibly low level of glutamotransferase activity was detected in the B. licheniformis extracts. Additional experiments (Hubbard and Stadtman, unpublished data) have indicated that the low activity is the consequence of a pronounced inhibition caused by glutamine, a substrate of the reaction.
In Pseudomonas fluorescens extracts, the rela- (Tables   2 and 7) or to test glutamine as a feedback inhibitor of the biosynthetic reaction catalyzed by the glutamine synthetase of P. fluorescens (Table 3) .
Comparisons of potential end products as feedback inhibitors. Results of analyses in which potential end products were tested as feedback inhibitors are presented in Table 3 . This survey included seven of the eight compounds previously found to be inhibitory for the glutamine synthetase of E. coli (30) , as well as glutamine, which was reported to inhibit the enzyme from L. arabinosus (25) . The assay conditions employed to demonstrate the inhibitions were either limiting glutamate with excess NH4C1 or limiting NH4C1 with excess glutamate, as indicated. As seen in Table 3 , the glutamine synthetase of each organism is inhibited by more than one end product. Moreover, each enzyme exhibits a unique regulation pattern which differs from the others in respect to the extent of inhibition caused by the end products. However, certain similarities are apparent in the inhibition patterns of the glutamine synthetases of closely related organisms. This similarity is seen with the two Bacillus species, and the inhibitory response of the enzyme from S. typhimurium resembles that previously reported for E. coli glutamine synthetase (30) . In addition to the compounds reported in Table 3 , p-aminobenzoic acid, anthranilic acid, methionine, isoleucine, GMP, and NAD were either noninhibitory or only slightly inhibitory, causing less than 5% diminution in activity.
As is also shown in Table 3 , different degrees of inhibition were obtained depending on whether MnCI2 or MgCl2 was used in the assay system. With many of the enzymes studied, inhibitions caused by alanine and glycine were greater when Mn++ was the activator, whereas the converse was often true of the AMP inhibition. The choice of metal activator even more dramatically influenced the manner in which CTP affected the activities of the glutamine synthetases of the higher protists, N. crassa, Candida utilis, and Chlorella pyrenoidosa. When the assay system contained MgCl2, CTP served as an inhibitor of the enzymes from these three organisms, whereas, with MnCl2, CTP stimnulated Pi production. Other experiments with N. crassa have shown that the apparent stimulation by CTP is due to the ability of CTP to replace ATP as a substrate for glutamine synthetase. For example, in the absence of ATP, Pi is released from CT? only in the presence of glutamate and ammonia. Moreover, net synthesis of glutamine (as determined by paper chromatography) could be demonstrated in both the CTP-and ATP-dependent reactions. Table 4 gives results of additional investigations on these roles of ATP and CTP. In the assay containing MnCl2, CIP was slightly more effective than ATP as substrate. The activities were additive when a mixture of 7.5 mm ATP and 2 mm CTP was used. However, with a saturating level of ATP (15 mM As shown in Table 3 , CTP also stimulated Pi production by the extracts of C. pasteurianum. However, this activity does not appear to be a consequence of CTP acting directly as a substrate for glutamine synthetase. Other experiments have shown that CTP is ineffective as a substrate for Pi production when ATP is omitted from the reaction mixture containing the C. pasteurianum extract. N. crassa extracts catalyzed the liberation of Pi from AMP. This latter activity appeared to be unrelated to glutamine synthetase, since it was not dependent on glutamate or ATP. Effects of combinations of inhibitors. In an attempt to characterize the patterns of multiple end-product regulation for the glutamine synthetases, experiments were conducted with several pairs of inhibitors (Table 5 ). For purposes of comparison, values were calculated on the assumption that each of the two inhibitors acts on a different form of the enzyme, or that both act independently on a single form of the enzyme. Certain pairs of inhibitors obviously do not act on separate enzymes, since the calculated sum of the individual inhibitions exceeds 100% (negative values). With the majority of the other pairs tested, the experimental values are in closer agreement with the values calculated by assuming the two inhibitors interact with a single form of the enzyme. The data which more closely agree with the enzyme multiplicity predictions were obtained when one inhibitor of the pair caused a small degree of inhibition. In these situations, the differences between the two theoretical values are small; therefore, the margin of experimental error prevents one from distinguishing between the assumptions. Histidine and AMP acted synergistically on the glutamine synthetases of B. licheniformis and B. cereus in causing inhibitions which were decidedly greater than either of the calculated values (Table 5 ). This synergistic action, wherein the simultaneous presence of two end products results in greater inhibition than the fractional inhibitions caused by either end product alone, has been observed with enzymes other than glutamine synthetase (4, 21) , and has been termed cooperative feedback inhibition. However, to avoid confusion with the cooperative effects often seen in the homologous interactions of feedback inhibitors, it would appear desirable to use another term; hence, we suggest the term synergistic feedback inhibition. The glutamine synthetases of the Bacillus species were also susceptible to synergistic feedback inhibition with (Table 5) , the experimental activities were considerably higher than either of the calculated values. These antagonisitic effects were most often observed when alanine or glycine served as one of the inhibitors. This antagonism is most readily visualized by assuming that the two ligands act on a single form of the enzyme. One possible explanation is that the two end products are mutually competitive for the same site. Alternatively, the occupation of one site by its ligand could interfere with the binding of the second ligand. Regardless of the reason, the varying degrees to which two inhibitors act antagonistically for the various glutamine synthetases illustrate differences in the interaction of the inhibitors with the enzymes from different sources.
Further investigations showed that the microbial glutamine synthetases could be inhibited 53 to 94% with a mixture of six end products of glutamine metabolism (Table 6 ). These data cannot be directly compared with those presented in Tables 3 and 5 , since different assay conditions were used. However, it would seem likely that certain of these enzymes would have been more effectively inhibited had other end products of glutamine metabolism been included in the inhibitor mixtures. In any event, these data and the data of Table 5 End products of glutamine metabolism also inhibit the glutamyl transfer reaction catalyzed by the microbial glutamine synthetases. The data in Table 7 show that these activities are inhibited to varying degrees by alanine, AMP, and carbamyl phosphate. Again, the results from assays with pairs of inhibitors generally favor the assumption that with each organism inhibitors are acting on a single form of the enzyme. N. crassa represents the exceptional case, in that alanine and carbamyl phosphate acted synergistically in inhibiting the glutamotransferase activity. Additional experiments have shown that the biosynthetic reaction 
DISCUSSION
The formation of glutamine may be regarded as the first enzymatic step of a highly branched pathway that leads ultimately to the biosynthesis of a variety of end products. Therefore, by analogy to the regulation of other branched pathways, it is not surprising that glutamine synthetase is subject to feedback inhibition by the ultimate end products of glutamine metabolism.
Previous studies have shown that the regulation of a given biosynthetic branched pathway may be achieved by distinctly different mechanisms in different organisms (5, 27) . For example, the regulation of aspartokinase, which is the first common step in the biosynthesis of lysine, methionine, threonine, and isoleucine, involves the elaboration of multiple enzymes in E. coli (28) , concerted feedback inhibition in Rhodopseudomonas capsulatus (5) and in B. polymyxa (22) , a sequential feedback mechanism in R. spheroides (Datta, personal communication), and still different mechanisms in Rhodospirillum rubrum (5) and in S. cerevisiae (26) . It is, therefore, somewhat surprising that the feedback control patterns of the glutamine synthetases from widely different organisms appear to be qualitatively very similar. In general, the patterns of inhibition are similar to the cumulative inhibition established in E. coli (30) Thus, each of the various end products is able by itself to cause only a limited degree of inhibition; however, as the number of end products that are present simultaneously is increased, there is a progressive increase in the extent of inhibition. Such a mechanism of inhibition constitutes an elegant means of metabolic control of those enzymes that catalyze the synthesis of an early precursor that is a common intermediate in the biosynthesis of several end products. For, as each of the various end products becomes present in excess, it causes a curtailment in the biosynthesis of the common precursor by an amount presumably required for the synthesis of the particular end product.
The drastic consequences that would be expected (28) if a physiological excess of one end metabolite could cause total inhibition of the common precursor are thus avoided. Yet, when all end products are present in more than adequate amounts, the synthesis of the common precursor is effectively stopped.
It is obvious that, if such a mechanism of control is to be effective, it must be supplemented with secondary feedback controls by each of the diverse end metabolites of the first unique step that is specifically concerned with its biosynthesis. By means of these secondary controls, the reduced supply of the common precursor that is available when a given end product is present in excess is diverted away from that particular end product and is thus made available only for the syntheses of those end products that are still required.
In the case of glutamine metabolism, the existence of secondary controls in some bacteria has been established for the first unique step involved in the biosynthesis of CTP (31), AMP (4), histidine (17) , and tryptophan (8) . Whereas it is reasonable to assume that similar secondary controls occur also in the biosynthesis of the other feedback inhibitors of glutamine synthetase, the existence of such controls remains to be demonstrated.
Although the present data suggest that each of the organisms studied elaborates only one glutamine synthetase that is susceptible to partial inhibition by the different end products, the possibility is not excluded that multiple forms of the enzyme are produced in some organisms. A particularly labile isoenzyme could have been destroyed during preparation of the cell-free extracts, or by the minimal purification procedure required to eliminate reactions that interfered with the enzyme assays. Also, the enzyme assay conditions employed might not be favorable for the detection of isoenzymes with different optimal requirements. Moreover, in those situations where the maximal inhibition obtained by a given inhibitor is very small, it is not possible with the relatively insensitive assay procedures employed to distinguish between the possibility that they act independently on a common enzyme (cumulative feedback inhibition) or are specific inhibitors of isoenzymes that are present in small quantities.
It should be emphasized that the significance of the observed inhibition patterns for the glutamine synthetases from different organisms can be properly evaluated only after the complete regulatory patterns for the biosynthesis of each of the multiple inhibitors is also established in these organisms. It remains to be determined whether the inhibition of glutamine synthetase by some of the metabolites is due to end-product inhibition, or if instead it is the manifestation of a modified sequential feedback mechanism in which the inhibitor is an intermediate rather than an ultimate end product. For example if glutamine is the physiological nitrogen donor in the biosynthesis of glucosamine-6-phosphate (GA-6-P), then would not N-acetyl-GA-6-P, UDP-Nacetyl-
